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A brief review is presented o f  the major features of the elemen- 
tal composition arid energy spectra of galactic cosmic: rays. The  
requirements for  phenomenological rnodels of cosmic ray com- 
position and energy spectra are discussed, and possible 
irnprovemcm ts to an existing model art' suggested. 
I .  IN'I'l~OL)lJ(lTION 
Over thc pij.sti forty years,  but especially during the pa.st deca.(le or  so, a 
variet,y of' spacecraft arid balloon instriirrierits have coni b i n d  to measure the corn- 
position of' galactic cosmic rays over essentially the entirc periodic t,;r.ble (nilclear 
charge Z == 1 to 92), arid the energy spect,rurti o f  a.bundant cosmic ray  spc.(*ic:s 
from 1 0  MeV/nuc to --I 100 (kV/niic. In this report we discuss aspects of these 
measiiremmts that are relevant to phenornenological mod(bls of cosmic: r ay  rompo- 
sition and its dependence o r 1  energy. Adarris et 21. (1981; see also Adams, 1986) 
have produced such a model and we siiggcbst some minor improvmicri t,s ant1 
updates that  might be made to this model in a n  effort, to improvc it,s acrrira.cv. 
This report constitut.es a writ,tcri version of a presentation Inade at, the 
W o r k s h p  on the In te rp lane tary  C'iim-gcd Particle Environ,m.en,t held a t  the .Jet Pro- 
pulsion 1,aroratory in March, 1987. The piirpost~ of this workshop was  to review 
current riiodels of the interplanetary particle environment, in a n  effort to evaluate 
their accuracy and irriprove their predictive capability. Among the applications of 
such models are evaluations of the effects of energetic charged particles on niicro- 
electronic devices carried 011 spacecraft, and their effect on man i n  space. 
2. (:OSMl(: R A Y  (:OMI'OSITION 
Several (bxperirncnts over t h c i  past tlecacle o r  so have let1 t o  significant 
improvcmieiits i n  in  o u r  knowledge of the cwmposition of galactic cosmic rays. 
There :tw now acciirate rrieasi1rcments o f  t h e  relative ahiindances of ;dl elements 
from I4 to Zn (7, = 1 to 30; see, e.g., I3ngelriiann et X I . ,  1983, t!)XFi; 1)wyer and 
Meyer, 198.5. L987: Garcia-Miinox arid Simpson, 1970). For khe ultra-heavy (LJTi) 
elements with Z > 30, the rewr i t  liEi\O-3 a n d  Ariel missions (Stone et, a i . ,  1987; 
Fowler et  al., 198.5) have provided abuiiclan(w of adjacent pairs of even and odd 
nuclei u p  tm Z = 60, while for the irpper one-third o f  the periodic table the abun- 
dances of various groups of charges have h w n  reported. For recent reviews of 
https://ntrs.nasa.gov/search.jsp?R=19890019095 2020-03-20T02:00:42+00:00Z
these and other measurements see Simpson (1983) Mewaldt (1983), Meyer (1985), 
and Mason (1987). 
Figure 1 and Table 1 summarize the relative elemental composition from 2 = 
1 to 92, normalized to  Si = 10 . Note tha t  the relative flux spans more than  10 
decades in intensity. To a rough approximation the relative abundances of the 
major elements in cosmic rays are in proportion to their distribution in solar sys- 
tem material, but there are also significant differences from the solar composition, 
including the great enhancement of "secondary" nuclei produced in cosmic rays by 
fragmentation (e.g., Li, Be, and B); the relative depletion (by a factor of -5) of 
elements with high first ionization potential in cosmic rays (e.g., C, N, 0, Ne, Ar); 
and the underabundance of H and He relative to heavier elements. 
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Figure 1: The  relative flux of cosmic rays as a function of nuclear charge Z (see 
also Table 1). 
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Table 1 - Elemental Composition of Galactic 
Cosmic Rays (- 1 GeV/nucleon) + 
Nuclear 
Charge 
Z 
1 
2 
3 
4 
S 
6 
7 
8 
n 
1 0 
I 1  
12 
13 
14 
IS 
16 
17 
.18 
1 9 
20 
21 
22 
2 3 
24 
25 
26 
27 
28 
Relative . Nuclear 
Abundan $e Charge 
(Si = 1000 ) z 
3x 1 O6 
5 
13602 30 
670 20 
19202 143 
6400+ 21 1 
1820 -C #58 
,593Ot 107 
143'7.4 
993 -r 26 
22428  
12405 28 
224 t 8 
1000 
51.1+3..5 
189+8 
47.1 + 3.4 
79.S+4.9 
57.0-c 3.7 
124.4 + 6.3 
28.5 + 2.6 
82.1 -k 4.8 
4 1 .0 + 3 . 3  
80.9+ S.0 
.5 9.9 + 4 .  I 
587+ 17 
3.3 + 0..i 
29.6+ 0.6 
2.7 t O . 6 ~ 1 0  
29 
30 
3 1-32 
33-34 
3.536 
37-38 
39-4 1 
42 
'13-44 
1-5-46 
47-48 
49-*50 
5 l-Fj2 
53-54 
55-56 
.57-58 
rj9-60 
62-69 
70-73 
74-80 
81-83 
90-96 
Relative 
Abundancy 
(Si = 10 ) 6 
381 5 88 
393 2 3.5 
63+ 12 
26.4 -+ 2.3 
20.6 f 1.4 
22.42 1.4 
14.5+- 1.1 
2.4 -k 0.Fi 
3.6 + 0.6 
3.020.5 
3.4  + 0..5 
3.o-eo.5 
:3.0+o.F, 
2.1 + 0.4  
3.4 +O.S 
1.3+0.3 
0.9? 0.3 
3..5+0.4 
1.1 +0.4-O.R 
2.7 * 0.4 
0.6 +0 .3-0.2 
0.03+ .04-.03 
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In Figure 2 we show the "integral composition" of cosmic rays, the integrated 
flux of elements heavier than a given nuclear charge. Note in particular tha t  the 
flux of the UH elements, which constitute the upper 2/3 of the periodic table, 
amount to only -0.1% of tha t  of Fe ( Z  = 26). In problems involving the effect of 
cosmic rays on micro-electronic devices there is often a threshold energy loss for a 
given device, such tha t  only cosmic rays of a certain charge or greater are capable 
2 of triggering the device, since energy loss is proportional to 2 . Figure 2 dernon- 
strates the advantages of a high threshold, and shows that phenomenological 
models of cosmic ray composition should, at the very least, characterize accurately 
the abundance and energy spectra of certain key elements that  represent 
significant increases or "breaks" in this integral distribution (e.g., H, He, 0, Si, 
and Fe). 
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Figure 2: The  relative flux of cosmic rays heavier than  a given nuclear charge, as 
obtained by integrating the da t a  shown in Figure I. 
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3. ENERGY DEPENDENCE OF THE COM P 0 S IT10 N 
T o  a good approximation, the composition of cosmic rays can be considered 
independent of energy if the particle energy is measured in units of energy per 
nucleon (equivalent to comparing the composition at the same velocity). There 
are, however, some important differences. Figure 3 compares the composition 
measured at 0.2 and 15 GeV/nuc to that a t  -2 GeV/nuc. The most obvious 
difference at 15 GeV/nuc is the generally lower abundance of "secondary" nuclei 
relative to primary nuclei, indicating tha t  higher energy cosmic-ray nuclei (those 
with energies > several GeV/nuc) have passed through less material subsequent to 
their acceleration (see, e.g., Ormes and Protheroe, 1983). A possibly related 
feature is tha t  the abundance of heavier "primary" nuclei such as Fe is more 
abundant  a t  high energy. 
The N (15 GeV/nuc)/NZ(2 GeV/nuc) ratio in Figure 3 is an  indication of the 
extent to wiich the energy spectra of the various elements differ. Engelmann e t  
al. (1983, see also Juliiisson et al., 1983) have fit power laws in total 
energy/nucleon to the spectra of elements with 4 5 2 5 2 8  from -0.8 to 25 
GeV/nuc. This particular spectral shape gives a good approximation to the 
observed spectra of "primary" elements from - 2  to 10 GeV/nuc; a t  lower energies 
the (time dependent) effects of solar modulation are particularly important. They 
found that the typical spectral index for "secondary" elements over this energy 
range was steeper than that for primaries by about A y  = 0.2. 
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Figure 3: (Top)  Comparison of the 
cosmic ray elemental composition 
measured at -0.2 GeV/nuc (Garcia- 
Munoz and Simpson, 1979) relative to 
t h a t  at - 2  GeV/nuc Engelmann et 
al., 1983); (Bot tom) Comparison of 
the  - 15 GeV/nuc coniposition 
(Engelmann e t  al., 1983) with tha t  
measured at  2 GeV/nuc. Elements 
t h a t  are  mainly of "secondary" origin, 
produced by cosmic ray collisions 
with the interstellar gas, are 
differ ent ia  ted fro rn 'I p r i mar  y I' species 
accelerated by cosmic ray sources. 
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At  lower energies (0.2 GeV/nuc, see Figure 3) the differences in composition 
(from 2 GeV/nuc) are somewhat more difficult to characterize; they are likely due 
in part  to the energy dependence of the various fragmentation cross sections, 
which vary more with energy below -1 GeV/nucleon. Note that neither H or He 
seems to fit with the pattern of heavier nuclei. This is perhaps not surprising for 
H, since it has a different charge to mass ratio. It should also be pointed out,  how- 
ever, tha t  even though H and He are the most abundant  elements in cosmic rays, 
in many cases their abundance relative to heavier nuclei in less certain than the 
relative composition of heavier nuclei. This is because most of the experiments 
t ha t  measure the composition of heavy nuclei do not measure H and He (and vice 
versa) because of dynamic range considerations. 
. 
4. ENERGY SPECTRA 
Figure 4 shows energy spectra for four abundant  elements spanning several 
decades in energy/nucleon, up  to the highest energies so far measured. At  hi%h 
energies ( >, 5 GeV/nuc) the spectra approach the well known power law (-E- , 
where E is kinetic energy/nuc); a t  lower energies the effects of solar modulation 
are evident, and the intensity varies significantly over the solar cycle. These four 
Figure 4: iMeasured cosmic ray 
energy spectra for the elements H, 
He, C, and Fe (from Sirnpson, 
1983). 
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elements are among the most important. to characterize accurately in phenomeno- 
logical models of cosmic rays. Here again it is evident tha t  all of these elements 
have approximately the same spectral shape, although the enhanced abundance of 
F e  at high energy and the relative depletion of H at lower energies is also evident. 
A t  energies below - 100 MeV/nucleon, the composition becomes more com- 
plex, as indicated in Figure 5. The solar minimum spectra of several elements, 
especially He, N, 0, and Ne contain anomalous enhancements at energies below 
-50 MeV/nuc. This so-called "anomalous" cosmic ray (ACR) component has a 
separate origin from the higher energy galactic cosmic ray component. Its compo- 
sition, and its spatial and temporal behavior was discussed a t  this workshop by 
Cummings (1987; see also the workshop summary by Mewaldt et  al., 1987). 
Figure 5 :  Quiet-time energy spectra for the elements H, He, C, N, and 0 meas- 
ured at 1 AU over the solar minimum period from 1974 to 1978 (from lMewaldt e t  
al., 1984). Note the "anomalous" enhancements in the low-energy spectra of He, 
N, and 0. The d a t a  are from the Caltech and Chicago experiments on IMP-7 and 
IMP-8. 
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Figure 6 shows integral energy spectra for H and He (from IVehher and 
Lezniak, 1974) appropriate to solar minimum. This figure demonstrates that the 
bulk of cosmic rays are in the energy range below a few GeV/nuc, and it is there- 
fore this region that must be most accurately represented in modeling cosmic ray 
energy spectra. Unfortunately, this region is also the most sensitive to solar modu- 
lation effects. Note tha t  only a few % of cosmic rays have energies >, GeV/nuc. 
Figure 6 also demonstrates tha t  H and He do not have exactly the same spectral 
shape (see also Figure 4). 
Integral Energy Spectra 
H 
Kinetic Energy (GeV/nuc) 
Figure 6: Integral energy spectra of H and He measured at solar minimum 
(adapted from Webber and Lezniak, 1974). 
5 .  REQU IREMENTS FOR PHENOMENOLOGICAL COS MIC RAY MODELS 
We discuss here the minimum requirements that  should enter into 
phenomenological models of the composition and energy spectra of cosmic rays if 
the available data  are to be represented in a reasonably accurate fashion. 
a) Elemental Abiindances: As a minimum the relative composition of elements 
with 1 5 2 5 28 with a typical energy of -1 to 2 GeV/nuc should be included. 
If relevant to the application, the composition up through Z = 92 can also now be 
easily included (e.g., Table 1). For the heaviest elements, where onIy charge 
groups have been measured, it would be possible to make a reasonable breakdown 
of the abundances of the charge group into individual elements using the results of 
a cosmic ray propagation model (see, e.g., Brewster et  al., 1383). 
128 
b) Enercv Sp ectra of Selected Species: There are at least four key primary 
species, H, He, C, and Fe, for which a differential energy spectrum (at solar 
minimum) is needed. There should also be at least one "generic" secondary spec- 
t rum t o  take into accoiint the secondary/primary differences indicated in Figure 3. 
c) Energy SD ectra for other Elements: One method to obtain the energy spec- 
tra of other elements would be to use the relative composition from item (a) (e.g., 
Table 1) and choose the spectrum (from (b)) that  is closest in shape. Thus,  for 
example, the elements can be divided into the following five (minimum) groiips: 
H 
He 
C (C,  0,  Ne, Mg, Si, S) 
Fe (Ca, and all 2S -s Z 5 92) 
"Secondary" (Li, Be, B, N, F, Na,  AI, P 
Z 17-19, Z = 21-24) 
d) Solar Cvcle DeDendence: To niodel the effects of solar rnocliilat,ion o n  t,he 
energy spectrs. there could be a11 energy and time dcpendcri t, modiilii.t,ion factor 
scaled from observed neutron monitor rates (see, e.g., Mtiwa.ld t, et, S I . ,  1987). 
Another possibility is to tabulate both solar minirniiin and solar rriaxirriiim spectra 
for t,he various key species and they interpolate between these. spcvtra tising an 
observed ( o r  predicted) neutron rnonitor rate. 
e) Extrapolation to the Outer Ileliosphere: Measiirerncnts by Pioneer a.nd 
Voyager show thatJ t,he composition of cosmic rays is only weakly dcpcridc~ntl o n  
distance from the Sun, wi th  the exception of t h e  anomaloiis cosrriic ray  corn- 
ponent, which has a somewhat larger radial gradient than norma.1 galactic cosmic 
rays, and thus becomes more important in the outer heliosptiere. Recaiise of the 
energy dependence of cosmic ray gradients, low energy costriic rays gradiia.lly 
become relatively more numerous in t,he outer heliosphere (see the reports a t  this 
workshop by McKibben and Mewaldt e t  al.) 
f )  Mean Mass: Finally, a mean mass should be defined for each element based 
on the rcsiilts of a cosmic ray propaga.tion rnodel that  takes into ;iccorint1 the 
source composition, nuclear interactions, and solar rnodrilation. The  mean mass 
parameter is needed to calculate various range-energy and rigidity-depenctent 
effects. 
The model of Adarns et al. (1981; iipda.t,cd in Adams.  1986) is 9.11 cxarriple of r7 
phcriornc~riologica.l rrio(1eI of cosmic, ra.ys likrl t,ha.t, cltwriherl i1 hove which was  
derived for the near-Eart.li erivironrriwi tl. 'rhis niodel docs meet t,he various 
reqiiirements described abovc arid ;ippcars to provitlt. ;a, rea.sona.hly acrtirate char- 
acterization of (,osmic rav cornposition ;inti  energy spect,ril.. Sinw this rnodel was  
last revised, there have been sever;il new ine'asiirernen t s  reported t.tl;atJ shol l ld  he 
reviewed and, if appropriate, taken in t to  :tccoiint. For example, r w e n  t, rneasiire- 
ments of the energy spectra of H a7.iid He have been reported by (;arc*ia-bliinoz et, 
al. (1987) and Webber e t  al. (1987a. 19871~). In t,he (kV/nuc  wergy range, the 
French-Danish experiment on HEAO-3 (Erigclmann et al., 198.5) a.ii(l the I);l.lloon 
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experiment of Dwyer and Meyer (1  98S, 1087) have provided precise measurements 
of the energy spectra of elements with 4 5 7 , 1 2 8 .  There is also new da ta  HEAO-3 
for both 2=20 to  28 and Z>30 nuclei (Rinns e t  al., 1987, Stone e t  al., 1987). 
Incorporation of these recent results is suggested mainly for completeness; while 
they should improve the accuracy of the model, it does not appear likely that 
these updates will make a significant difference in the predictions of the model for 
most app 1 icat ions. 
In addition, the following other improvements to  the model of Adams et, al. 
should also be considered. Their model uses the energy spectrum of He as a refer- 
ence spectrum for elements with 3 1 2 5 1 6 .  However the He spectrum is cont,a.m- 
inated by "anomalous" He a t  energies below - 100 MeV/nucleon, and, i n  addition, 
a significant fraction of He is known to be 3He (see, e.g., Mewaldt, l!Wti), which 
has a different charge to mass ratio. For these reasons we suggest that  t8he carbon 
spectriim be used as a reference for these light elements. 
Perhaps the major uncertainty in the Adams et al. model is associated with 
the difficulty of predicting the time dependence of the cosmic ray flux due to solar 
modulation effects. A possible solution to t*his problcm is disciissed in tlhe report, 
by Mewaldt, et XI. (1987). 
' 
6. SUMMARY AND CONCLUSIONS 
Available measurements now allow for a reasonably precise .description of 
galactic cosmic ray composition and mergy spectra. Thiis, the relat,ive cornposi tion 
of species wi th  1 5 Z 5 30 is now known to - - l o %  accuracy, while the accuracy 
of measiirerrients of Z > 30 nuclei is perhaps more like --20-30%. When com- 
bined with a.va.ilable knowledge of t,he energy spectr;]., quantities such as t,hfi 
integral fliix of (relatively abundant) species above (e.g.) some ciitoff rigitli t,.y c a n  
now be modeled to  an accuracy of --20% a t  solar minirriiirn conditions. 13ec.a.iisc. 
the model of Adams e t  al. appears to do a very reasonable job of accounting for 
cosmic ray composition arid energy spectra, only rninor updates a n d  irriprovements 
to  this aspect, of the model are recommended; there is n o  apparent reason (within 
the context of this workshop) to derive a new model. 'The largest iincertainty in 
such descriptive models of cosmic. rays resiilts from the clifFiciilt,y of pre(1ictinE the 
level of solar modulation at some particular future tJinie period, the effects of 
which are greatest, at low energy. It  is in this area. of the temporal description of 
cosmic ray energy spectra that  efforts a t  improvement, can  most profitably be 
directed. 
Acknou.l~.cl~ernerits: This work w a s  slipported in  part, by NASA ilnder g r a n t s  N(;R 
0.5-002- I60 and NA(;5-722. 
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